To the best of our knowledge, we propose the first motion-free laser beam propagation analyzer with a hybrid design using a digital micromirror device (DMD) and a liquid electronically controlled variable focus lens (ECVFL). Unlike prior analyzers that require profiling the beam at multiple locations along the light propagation axis, the proposed analyzer profiles the beam at the same plane for multiple values of the ECVFL focal length, thus eliminating beam profiler assembly motion. In addition to measuring standard Gaussian beam parameters, the analyzer can also be used to measure the M 2 beam propagation parameter of a multimode beam. Proof-of-concept beam parameter measurements with the proposed analyzer are successfully conducted for a 633 nm laser beam. Given the all-digital nature of the DMD-based profiling and all-analog motion-free nature of the ECVFL beam focus control, the proposed analyzer versus prior art promises better repeatability, speed, and reliability.
Introduction
A Gaussian laser beam is completely characterized for all distances from the source by only two parameters, i.e., the minimum beam waist radius w 0 and the location of the minimum waist z 0 [1] . Precise knowledge of these values is critical for many applications including, but not limited to, laser manufacturing, machining, optical communications, materials research, optical metrology, radar, and laser damage studies. In principle, w 0 can be determined by a single beam radius measurement at a large distance from the source [2] or in the focal plane of a fixed lens placed in the beam path [3, 4] . In addition, the interference pattern in an unfocused beam generated using a birefringent crystal gives a measure of w 0 [5] . However, to determine z 0 one must measure the beam radius at multiple locations along the beam path [2, 6, 7] . This multiple measurement process requires either the motion of optical elements in the beam path or the motion of the entire beam profiler assembly over large distances, e.g., twice the Rayleigh range [8] , leading to a beam analyzer that is slow, cumbersome, and inherently suffers from poor measurement repeatability. Beam profilers used to measure the beam radii are dominated by mechanical knife-edge scanning techniques [2, 9, 10] . Other less commonly used mechanical techniques include sliding slit [11] , translating pinhole [12] , rotating mirror [13] , surface plasmon polaritons [14] , and encircled energy principal-based profilers [15] . These mechanical techniques have limited repeatability as they require high-resolution precision motion systems that are not only expensive but deploy continuous transverse-direction analog translation of components. A new class of all-digital and hybrid analog-digital spatial light modulator (SLM)-based profilers has been introduced that use a digital micromirror device (DMD) [16] [17] [18] [19] [20] and liquid crystal display (LCD) [21] technologies. The all-digital version of these beam profilers offers the benefit of excellent SLM chip-based reliability and 100% repeatability in beam profiling by digital-mode chip operations over instrument lifetimes.
In Section 2 we introduce and demonstrate a new motion-free beam analyzer instrument that engages an electronically controlled variable focus lens (ECVFL) in conjunction with an all-digital DMDbased beam profiler to accurately measure the parameters of a Gaussian laser beam, i.e., w 0 and z 0 . Such an analyzer design does not require any motion of optical elements or a beam profiler assembly, thus eliminating a key limitation of prior art analyzers. In Section 3 we describe the proposed beam propagation analyzer optical design and its experimental results. In Section 4 we show how the proposed analyzer can be used to measure the M 2 beam propagation parameter [22, 23] of a laser beam. Our conclusions are given in Section 5. Figure 1 shows the proposed beam propagation analyzer system. The Gaussian laser beam to be analyzed passes through the ECVFL with a tunable focal length f and strikes the DMD placed a fixed distance d 2 from the electronically controlled lens. A Gaussian beam optical field at a radial distance r from the optic axis and at a distance z along the beam travel or optic-axis direction can be represented in terms of its complex q parameter as [1] ψðr; zÞ ∝ exp −jkr 2 2qðzÞ ; ð1Þ
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Here wðzÞ is the 1=e 2 beam radius, RðzÞ is the beam radius of curvature, λ is the laser wavelength, and k ¼ 2π=λ. At the minimum beam waist location z 0 , a distance d 1 in front of the ECVFL, the phase front is plane with RðzÞ ¼ ∞. Using Eq. (2), the q parameter q 0 at the minimum beam waist location can be written in terms of the minimum beam radius w 0 as
where z R is known as the Rayleigh range. After passing through the ECVFL, the laser beam q parameter q 1 at the DMD plane is given by [1] 
Here, A, B, C, and D are the elements of the ABCD matrix that defines the transfer of paraxial rays through the optical system defined between the ECVFL and the DMD. The ABCD matrix for this complete system is a product of three ABCD matrices, specifically, one for d 1 distance free-space propagation, one for transmission through a thin lens with focal length f , and one for distance d 2 free-space propagation. Hence, the required ABCD matrix is given by Fig. 1 . Proposed motion-free hybrid-design laser beam propagation analyzer system using a DMD and an ECVFL: PD1/PD2, photodetectors; PC, personal computer
Equation (4) can be rewritten as
Separating the real and imaginary parts, one can rewrite Eq. (6) as
Comparing Eq. (7) with Eq. (2), one can write
where wðf Þ is the f -dependent 1=e 2 beam radius on the DMD plane. Substituting the values of A, B, C, and D from Eq. (5) and the value of z R from Eqs. (3) and (8) can be simplified to
Next, Eq. (9) can be rewritten as
In Eq. (10), d 2 is known and is fixed, whereas d 1 and w 0 are unknown laser beam parameters. By varying f and measuring the corresponding value of wðf Þ, a set of simultaneous equations in d 1 and w 0 can be found. Since there are two unknowns, a minimum of two readings is required although more readings should be taken so that d 1 and w 0 are determined in the least-squares sense to account for experimental errors. Note that, if the actual minimum beam waist location is behind the ECVFL (and not in front of the ECVFL as shown in Fig. 1 ), then d 1 would result as a negative value. Once w 0 is determined from the calculations, the beam divergence half-apex angle can be found using [1] θ
To measure wðf Þ, knife-edge beam profiling using the DMD-based beam profiler is employed [16, 17] . Using software control, each micromirror on the DMD can be individually set to either a þθ or a −θ tilt state. A virtual knife-edge is formed on the DMD by setting some micromirrors to þθ (black pixels in Fig. 1 ) and the rest to the −θ tilt position (clear pixels in Fig. 1 ). Photodetectors PD1 and PD2 are set symmetrically along the optic axis such that light reflecting off the mirrors in the þθ state falls on PD1; light reflecting off the mirrors in the −θ state falls on PD2. This virtual knife-edge slides across the incident beam, and the PD1 and PD2 power is simultaneously recorded. The use of two photodetectors is important for normalization of the detected power when the laser beam power fluctuates during profiling operations [18] . Next an error function is fit to the acquired data and from this error-function fit, 1=e 2 beam radius wðf Þ is determined [10] . The resolution of this measurement is equivalent to the pixel pitch of the DMD.
Experimental Demonstration
The Fig. 1 
The liquid lens is a broadband adjustable multifocus imaging lens that changes focus due to the electrowetting process [24] . The calibration curve for the liquid lens focal length versus the AC drive signal is specified in the product data sheet [24] . The response of the liquid lens is highly repeatable for a liquid lens focal length f > 7:7 cm [25] . The visible band Texas Instruments (TI) (Dallas, Texas) DMD used has an extended graphics array (XGA) format of 1024 × 768 micromirrors with a pixel pitch of 13:68 μm, and θ ¼ 12°, and is placed a fixed distance d 2 ¼ 30:8 cm from the ECVFL. The profiler detectors PD1 and PD2 are Newport (Irvine, California) Model 918D-UV having a spectral range of 200-1100 nm and an active area of 1 cm 2 . The powermeter is a dual-channel Newport Model 2931C with a nanowatt optical power measurement resolution.
Focal length f of the ECVFL is tuned by varying the AC drive signal duty cycle. For each value of f , the beam is profiled using the DMD-based profiler. For a value of f ¼ 9:6 cm, Figs. 2(a) and 2(b) show the normalized raw optical power data acquired for the DMD programmed moving knife-edges across the beam horizontal and vertical directions, respectively. The raw data are fit with an error function [Figs. 2(c) and 2(d)] to generate Gaussian profiles for the DMD plane laser beam. According to the fit, the horizontal 1=e 2 beam radius w H ðf ¼ 9:6 cmÞ is found to be 734:05 μm; the vertical 1=e 2 beam radius w V ðf ¼ 9:6 cmÞ is found to be 729:83 μm. By multiplying the 1-D horizontal and vertical Gaussian profiles found using the error-function fits, Figs. 2(e) and 2(f) show the gradient and spatial views of the generated 2-D beam profile, respectively. In a similar manner, the beam is profiled using the DMD-based profiler for other values of f . Table 1 shows the measured horizontal and vertical 1=e 2 beam radii w H ðf Þ and w V ðf Þ corresponding to each value of f . Note that the values of f are selected such that the ECVFL is essentially aberration free, typically with the ECVFL f number greater than 20, implying weak lens operations [8] . For example, for a 3 mm diameter ECVFL, f > 6 cm. In addition, the value of d 2 is set of the order of f , because a longer d 2 would result in the laser beam expanding more than the size of the DMD and a shorter d 2 would result in not enough change in the values of beam radii when f is varied to give an accurate curve fit. Table 1 data are curve fits to Eq. (10) with known fixed parameters of λ ¼ 632:8 nm and d 2 ¼ 30:8 cm using the Levenberg-Marquardt algorithm [26] . Note that, given that the ECVFL diameter is 3 mm, the weak lensing condition is satisfied as the f used are greater than 6 cm. Figures 3(a) 
well with the Melles Griot laser data sheet values of a minimum beam radius of w 0 ¼ 325 μm and a beam divergence half-apex angle of θ ¼ 0:62 mrad. Note that, theoretically, the accuracy of the beam waist measurement is limited by the DMD pixel pitch, although in practice the accuracy is expected to be better because of using more than two pairs of f and wðf Þ values and the use of least-squares curve fitting would, in general, even out the errors. The physical distance between the ECVFL and the laser aperture in the experiment is 22:9 cm. Given the average analyzer measured d 1 value is ð25:1 þ 25:8Þ=2 ¼ 25:45 cm, the minimum beam waist is estimated to be formed as 25:45 − 22:9 ¼ 2:55 cm inside the laser.
Measurement of Beam Propagation Parameter M 2
The beam propagation parameter M 2 is a measure of the quality of the laser beam, i.e., how close a given laser beam is to an ideal fundamental TEM 0 Gaussian mode and is given by the square of the ratio of the laser beam divergence to the beam divergence of an ideal Gaussian beam with the same minimum beam waist [22, 23] . Since Eq. (10) fits the data points from the conducted experiment extremely well (see Fig. 3 ), it can be concluded that this particular laser beam is close to a pure Gaussian, i.e., the fundamental mode TEM 0 is dominant, implying a value of M 2 close to 1. However, the same technique can be used to estimate laser beam parameters for multimode laser beams by incorporating the M 2 factor into Eq. (10). For multimode beams, the beam radius is M times larger everywhere in comparison with the embedded fundamental mode [22] . Therefore, the multimode beam radius Wðf Þ at the DMD plane and the minimum beam radius W 0 can be written in terms of the corresponding fundamental mode radii as [22] 
Inserting Eq. (12) into Eq. (10) yields
In this case, in addition to W 0 and d 1 , there is a third unknown parameter M. Therefore at least three sets of f and Wðf Þ readings are required to find the unknown parameters. Unlike fundamental-mode Gaussian beams where the 1=e 2 beam radius definition is used, for multimode beams the International Standards Organization (ISO) has recommended a second-moment radius definition to be used as the standard for a beam radius [27] . According to this definition, the beam radius is given by twice the standard deviation of the irradiance distribution of the laser beam as sampled by a pinhole translated across the beam [23] . Most importantly, the second-moment beam radius Wðf Þ can also be readily measured using the DMD-based profiler as a pinhole profiler [20] . In this case, a virtual pinhole is moved across the DMD and the corresponding PD1 and PD2 power data are recorded to generate a pinhole irradiance profile Iðx; yÞ of the incident laser beam. The secondmoment horizontal beam radius W H ðf Þ is then given by [23] W H ðf Þ ¼ 2 ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi P 
Note that the prior art techniques [8, 28, 29] rely on measuring second-moment beam radii using mechanically translating pinhole profilers that typically require moving the mechanical pinhole at approximately 10,000 locations over the beam zone, a process that is especially susceptible to repeatability issues. In comparison, the proposed analyzer has an inherent 100% accurate digital pinhole location with the DMD chip structure, which leads to a powerful attribute for multimode laser beam characterization.
Conclusion
For the first time to our knowledge, a laser beam propagation analyzer system using a liquid ECVFL and a DMD has been proposed and demonstrated. Analyzer experiments conducted with a 633 nm wavelength laser beam of manufacturer-defined parameters show the analyzer to accurately measure the beam specifications. This analyzer can be used not only to precisely determine the parameters of a single-mode Gaussian laser beam as demonstrated but can also be used to measure multimode laser beam parameters. The proposed analyzer uses complete electronic control and eliminates the need for any motion of precision optics, thus promising excellent reliability, speed, and repeatability. Future research will focus on experimentally demonstrating the M 2 measurement capability of the analyzer.
